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Abstract
Rapid industrialization leads to the deterioration of quality of life and the  
environment. Petroleum hydrocarbon pollution is one of the contributing factors to 
that. Petroleum hydrocarbons (PHCs) are natural products, and under high tem-
perature and pressure, they are produced by the anaerobic conversion of biomass. 
Excessive use of PHCs leads to pollution in the agriculturally important soils and 
the ultimate source of potability of water, that is, groundwater which is gaining 
significant attention throughout the world. The fortuitous release of PHCs such as 
gasoline, diesel, and heating oil are common sources of groundwater contamination. 
The PHC concentrations in groundwater are often above drinking water standards 
and bioremediation actions have to be taken. Due to their organic nature, PHCs are 
difficult to degrade as unavailable for microbial action. Due to this, PHCs are the 
most widespread environmental contaminants. Plant-microbe synergistic association 
for remediation of PHCs is comprehensive and it is an effective tool for reclamation 
of soil and environment from these kinds of undesirable materials. In addition to 
providing plant growth promotion, microbes can degrade PHCs effectively.
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1. Introduction
Different types of petroleum hydrocarbons exist, which include saturates, 
aromatics, asphaltenes, and resins (i.e., pyridines, quinolines, carbazoles, sulfoxides, 
and amides). Microbes degrade these PHCs to different extents due to their different 
bioavailability to microbial action. Soils are complex, highly dynamic systems that 
are the product results from interactions between abiotic and biotic processes that 
have taken place over billions of years. The result is a spatially complex environment 
that leads to the spatial and temporal heterogeneity of microbial activity and their 
diversity. The role of plants and the soil-living microbes remains, to a large extent, 
unexplored. However, the action of microbes to degrade organic contaminants 
into harmless compounds has been explored to treat contaminated environments. 
This approach is referred to as phytoremediation. Phytoremediation is a term that 
describes the application of plants to reduce the contaminant and its mobility or 
toxicity in soil, groundwater, or other media [1]. Phytoremediation has been increas-
ingly considered as an appropriate strategy to restore hydrocarbon-polluted soils in 
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ecologically protected areas and agricultural fields. In addition to this, the bioaug-
mented bacterial species in ecologically protected areas, even if for bioremediation 
purposes, remains technically questionable because soils usually contain indigenous 
microbime capable of metabolizing hydrocarbons [2, 3]. In addition to phytore-
mediation, the use of hydrocarbon-utilizing microorganisms reduces contaminant 
toxicity by excretion of variety of biosurfactants which are biodegradable and 
consequently environmentally safe for the reclamation of polluted environments. 
Different kinds of microorganisms have been found to produce this surfactant, 
including plant growth-promoting rhizobacteria (PGPR). These PGPRs which are 
established bio-enhancers and biocontrol agents, due to the possession of properties 
to solubilize phosphate, produce IAA (indole acetic acid), and sequester iron under 
stress conditions through production of siderophores, will be best if used for reme-
diation of oil-contaminated sites as this will serve two purposes. On the one hand, 
they will promote plant growth, and second, by producing biosurfactants that will 
enhance the process of remediation of oil-contaminated sites.
2. Petroleum hydrocarbon phytotoxicity
Soil physicochemical and biological properties are majorly deteriorated by 
petroleum hydrocarbon pollution resulting in deleterious effects to plant health and 
the environment.
The availability of different nutrients like exchangeable iron, phosphorous, 
sulfate, soil water, and soil air and such changes affect plants adversely.
Hydrostatic anaerobic conditions interfere with the soil plant water relations and 
seriously harm to plants [4, 5].
The effects of different contaminants on soil plant and microbes depend on the 
extent and the type of contamination [6].
Contamination of soil results in deterioration of soil properties leads to the 
damage of crop and the soil may remain not suitable for plant health for several 
months or years. The soil microflora and its fertility are drastically reduced by 
undesirable contamination [7].
Extensive damages of soil due to contamination may be for long term. Diesel 
fuel kills plants cells on contact but it is not a systemic killer. During taking up water 
and other nutrients diesel fuels reached to the plant roots and damage the roots, and 
this restrict the plant from uptake of essential nutrients. It can also create imbalance 
in soil, plant and water relationship [8].
3. Remediation approach
According to Langbehn and Steinhart [9], various approaches significantly treat 
the problem soil including thermal treatment (physico-chemical techniques), the 
extraction of gases or liquid matter, soil washing, solidification, stabilization etc. 
However, these techniques require very heavy equipment, require huge amount of 
energy and are very expensive. According to Rahman et al. [10], efficient removal 
of petroleum HCs contamination in the soil remains a challenge.
3.1 Phytoremediation
Bio-phytoremediation or the synergistic association between plants and their 
rhizosphere microbiome for removal of contaminants from the environment has 
recently become an area of huge possibilities and the intense experimentation [11].
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The environmental contaminants mainly caused threat to the plant development 
germination and root elongation, and these are the two critical stages that are sensi-
tive for contaminant [12].
Some plants which are tolerant to the contaminants show successful germination 
and root elongation.
For the removal of oil from contaminated soil plants, including grasses and 
legumes, proved with higher potential as compared to other plants [13, 14] due to 
the higher root surface area, root elongation, and better soil compaction [13].
According to Wiltse et al. [15], crude oil contamination reduces in the rhizo-
sphere by 33–56% compared to control by using various strains of alfalfa (Medico 
sativa L.), whereas after 8 weeks, 80% of diesel fuel degraded with an alfalfa treat-
ment (Komisar and Park [16]), and 46% of crude oil was removed in 12 weeks of 
interval with broad bean (Vicia faba) as compared to 33% without plants.
Reilley et al. [17] evaluated switchgrass as an independent species for PHCs 
remediation.
According to Jordahl et al. [18], for bengene, toluene, xylenes (BTX) phytoreme-
diation, the hybrid poplar trees (Populus deltoides x nigra) rhizosphere showed the 
potential results.
Wild and Jones [19] investigated that carrot peels were accumulated with PAHs 
to a maximum value of 200 μg total PAHs kg−1 dry weight in laboratory condition.
4. Mechanism of action by plants
4.1 Phytodegradation/transformation
The degradation of contaminants by using plant-produced enzymes release 
of into the soil or through metabolic processes can be divided into components 
including absorption, translocation, and contaminants metabolism by the plant 
and the root exudates-mediated degradation of contaminant.
4.1.1 Fate of contaminants by the action of plants
The ability of a plant metabolize organic pollutant is generally dependent on the 
bioavailability of the pollutant, and it is reflected by the octanol-water partition 
coefficient, Kow, of the pollutant [20, 21].
For the plant action for the contaminant, the type of plants and contaminant 
also affect the bioavailability of contaminant [22].
Cunningham and Berti [20] explained depending factors of plant to absorb, 
translocate, and metabolize the contaminant (Kow values in log scale) as 
described below.
i. With log Kow ≤ 1, plants are able to absorb, translocate, and metabolize 
hydrophilic contaminants.
 As these contaminants are with high bioavailability, their absorption is 
controlled by water influx into the plant and they may cause groundwater 
contamination.
ii. With log Kow values between 1 and 4, plants are able to absorb, translocate, 
and metabolize the contaminants. According to Briggs et al. [23], the highest 
contaminant concentration translocated at shoots part with log Kow of 1.8, 
with declining concentrations at higher and lower values of log Kow.
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iii. With log Kow values larger than 4 plants are generally unable to absorb, 
translocate, and metobilize contaminants due to high hydrophobicity  
and the contaminant adsorbs to lipids on the root surface of the  
plant [20–22].
The contaminant absorbed by the plant may be translocated to different plant 
parts where it is metabolize partially or completely or incorporated into cellular 
constituents and volatilized [22, 24]. This whole process that includes absorption, 
translocation, and volatilization called as phytovolatilization.
4.1.2 Significance of root exudates
Role of root exudates may aid remediation direct degradation of contaminants. 
Root exudates increase the access of the pollutant, soil lubrication, and acting as 
co-metabolites with PHCs.
According to Schnoor et al. [22], few plant-based enzymes are able to remediate 
2,4,6-trinitrotoluene (TNT) and trichloroethylene (TCE).
The bioavailability of the contaminant is the extent to which a pollutant is 
accessible for to microbial activity [25].
Root exudates (organic acids in nature) may enhance the pollutant bioavailability 
by competing with the original pollutant for absorption/adsorption sites in the soil 
due to structural similarity.
Roots are also release lipids and sterols that have been found to increase the 
bioavailability of contaminants and making them available for microbial degrada-
tion. The root passages of plants are also facilitating by lipids and sterols.
Root exudates may act as co-metabolites with the pollutant as root exudates are 
structurally similar with PHCs [26]. Root exudates and pollutant that are structurally 
similar showed in Figure 1.
4.2 Phytovolatilization
According to Farrell and Germida [25], there is pollutant movement from the 
soil or groundwater and into the plants and then to the atmosphere, which is called 
phytovolatilization. This happened when the pollutant is absorbed by the roots, 
translocated to the plant, and volatilized into the atmosphere.
4.3 Phytostabilization
According to Farrell and Germida [25], plants use to restrict the pollutant in the 
soil or groundwater called “phytostabilization” and it can be explained by three 
mechanisms: (1) absorption, (2) root accumulation, and (3) surfaces adsorption by 
root and entering into humic matter in the plant rhizosphere. All three mechanisms 
are dependent on the value of Kow as explained above.
4.3.1 Absorption by root and accumulation
In absorption and accumulation, contaminant remains restricted in the roots 
of the plant. The translocation of the contaminants is not possible into the rest of 
the plant and are therefore not degraded, incorporated into the cell structure, or 
volatilized. This may happen for contaminants with a log Kow value between  
1 and 4 [20].
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4.3.2 Root adsorption
In these mechanisms, contaminants are immobilized by adsorption to lipids on 
the surface of the roots. This may happen for contaminants with a log Kow value 
above 4 [20–22].
5. Degradation of organic contaminants by microorganisms
The halogenated products of petrochemicals and mineral oil constituents are 
the most important classes of organic contaminants in the environment. Microbial 
degradation of organic contaminants normally occurs as a result of microorganisms 
act on the contaminant for their own metabolisms and production cellular constit-
uents or reproduction. Organic contaminants used by microorganisms as a source 
of carbon and electrons that the organisms use to obtain energy [26].
According to Committee on In Situ Bioremediation in the year 1993, the 
microbial metabolism of contaminants involves aerobic respiration. Anaerobic 
respiration, co-metabolism, fermentation, reductive dehalogenation, and the use of 
inorganic compounds as electron donors: these are the variations in metabolism by 
microorganisms.
Interestingly, bacteria are capable of rapidly distributing genetic information 
to each other, thus allowing them to adapt rapidly to adverse environment, such as 
exposure to new pollutants [27].
The dioxygenase enzyme plays a significant role in aerobic biodegradation of 
PAHs by involving the incorporation of two atoms of molecular oxygen into the 
contaminant and production of less toxic compounds such as acids, alcohols, 
carbon dioxide, and water [28–30].
Figure 1. 
Similar structures of root exudates and chemical pollutants.
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In contrast, biodegradation by eukaryotic fungi which is similar to the biodegra-
dation mechanism found in mammals initially it involves the incorporation of only 
one atom of oxygen into the PAHs (polycyclic aromatic hydrocarbons) [29, 31–33].
Although most of the time fungal transformations result in compounds that are 
less toxic than the parent PAHs, while some of the minor metabolites are produced, 
they are more toxic compounds than the PAHs [33].
The microbial breakdown and removal of contaminants are interrelated processes 
that occur in the soil.
According to Lyman et al. [34], biodegradation is the microbial-mediated 
chemical transformation of organic compounds, while microbial uptake is the 
direct removal of the contaminant by adsorbing compounds to the membrane 
surface or by absorbing compounds through the membrane.
These two processes are interrelated in that the contaminant taken up may be the 
original contaminant or a biotransformation product.
That microbes are able to degrade and take up pollutants has been well studied, 
and it is the conceptual basis for other remediation techniques like air sparging, 
land farming, composting, bioreactors, intrinsic remediation, and others [35].
Depending upon the microorganisms, a number of different microorganisms are 
able to degrade a number of different PHCs, and the specific catabolic pathway used 
is dependent on the microbe and pollutants.
In general, microbes degrade PHCs by adsorbing the contaminant to the membrane 
surface or absorbing the contaminant through the membrane and by using oxygenase 
enzymes, incorporating oxygen into, and cleaving the structure of the hydrocarbon.
Finally, oxidation of subsequent end products and incorporation into the Krebs 
cycle may result in the final degradation step and the release of CO2, H2O, and 
energy [35, 36] but the complete degradation does not always happen. Sometimes 
end products may be directly degraded by microbes and not degraded further or 
may be degraded to smaller, simpler, more stable intermediaries and then incorpo-
rated into the soil as humus or soluble acids, ketones, and alcohols [34].
The biodegradation of the contaminants are depends on the size of the contami-
nant and the types and geometry of its bonds. PHCs have bonds that microbes have 
difficulty breaking or are not able to break due to their ring structure and hydro-
phobic nature. For example, linear alkanes were found to be more readily degrad-
able than branched alkanes or ring structure [35].
Diverse group of microbes able to degrade different contaminant depending on 
the sites/ locations of contamination. Not all microbes are able to directly take up all 
contaminants. This results in variations of PHCs and microbial population com-
position over time and space with the most rapidly degradable HCs and associated 
microbes being replaced by less degradable hydrocarbons and associated microbes. 
According to Riser-Roberts [35], one kind of microorganism is very rarely able to 
fully degrade any other specific contaminant. The diverse microbial populations are 
able to do effective remediation of the contaminants.
6. Plants and microbes synergy for PHCs biodegradation
Plants have been shown to facilitate organic contaminant degradation principally 
by providing optimal conditions for microbial proliferation in the root zone. The 
degradation processes are influenced not only by rhizospheric microorganisms 
but also by specific properties of the host plant [37]. If plants can be successfully 
acclimatized on polluted soils, then the plant-microbial interaction in the root zone 
(rhizosphere) may provide an economical method for enhancing microbial degrada-
tion of complex PHCs (Figure 2).
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7. Enhanced rhizosphere degradation
The enhanced rhizosphere degradation is the breakdown of pollutant in the 
soil as a result of microbial activity that is enhanced in the presence of the rhizo-
sphere [25] and should include another process in plant-mediated remediation, 
that is, phytoremediation, the removal of contaminants from the soil. Enhanced 
microbial activity in the rhizosphere provides the health benefits to the plant 
and the entire phytoremediation system. Komisar and Park [38] showed that 
vegetated (alfalfa) soils with diesel contamination observed more microbial count 
and rapid removal of contaminant. Banks et al. [39] observed that viable counts 
in soil spiked with polyaromatic and aliphatic hydrocarbons were higher in the 
presence of alfalfa than in soil without plants. Root elongation and growth opens 
deeper soil to better water infiltration and oxygen diffusion [40]. Root surfaces 
provide adhesive zone for soil microorganisms, and roots can disrupt soil aggre-
gates and increase biodegradation of entrapped hydrophobic contaminants [41]. 
These studies showed how root growth increases microbial activity. Gunther et al. 
[14] showed that rhizosphere microbial community was mainly responsible for 
enhanced hydrocarbon disappearance as compared to root free soil. Hou et al. [42] 
found that due to higher rye grass root intensity, an increase in the degradation 
of contaminant. Banks et al. [41] observed that the huge reduction in total petro-
leum hydrocarbon (TPH) concentrations occurred in period with the greatest 
root growth, but did not evaluate concurrent microbial activity. Gunther et al. 
[14] found that soil planted with ryegrass reduced a greater amount of a mixture 
of hydrocarbons than soil without plant. The mixture of hydrocarbon includes 
n-alkanes (C10, C14 to C18, C22, and C24), also pristane, hexadecane, phenanthrene, 
anthracene, fluoranthene, and pyrene. After 22 weeks, the initial hydrocarbon 
concentration of 4330 mg total hydrocarbon per kg soil decreased to nearly 
120 mg per kg soil (97% reduction) in planted soils as compared to 790 mg per kg 
soil (82% reduction) in soil without plant.
Figure 2. 
Mechanism of plant microbe interaction for petroleum HCs pollutants remediation.
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8. Role of microorganisms in reducing phytotoxicity to plants
Other significant role played by microbes involves their ability to reduce the 
phytotoxicity of contaminants to the plants system and can facilitate plant to grow 
in adverse soil environment, thereby stimulating the degradation of phytotoxic and 
non-phytotoxic contaminants [26].
According to Walton et al. [37], the defenses of plants to contaminants may be 
supplemented rhizopheric microbial activity for degradation of contaminants. The 
plants and microbes have synergistically work together for dealing with phytotoxicity, 
where microorganisms benefit from the root exudates while the plants benefit from 
the ability of microorganisms to break down toxic chemicals and PGPR properties. 
Rasolomanana and Balandreau [43] observed that rice growth was improved in soil oil 
residues had been applied.
The authors hypothesized that the increased growth resulted from the co-
metabolic action of bacterial species (genus Bacillus) by using root exudates in the 
rhizosphere polluted with the oil residues.
8.1 PGPR
Plant growth-promoting rhizobacteria (PGPR) were first described by Kloepper 
and Schroth [44] as the soil bacteria that colonize the roots zone of plants by inocu-
lation onto seed and that enhance plant growth. The bacteria inhabiting plant roots 
and facilitate the plant growth by the mechanisms are referred to as plant growth-
promoting rhizobacteria (PGPR).
The plant growth-promoting rhizobacteria (PGPR) facilitate plant growth either 
directly or indirectly. The direct benefits to the plants are provided by the produc-
tion of plant growth regulators such as auxine and cytokinines and by increasing 
the plant uptake of some micro and macro elements in the rhizosphere [45] and 
indirectly, through the action of biological control of plant pathogens or induction 
of host defense mechanisms [46–48].
The synergistic action that exists between plants and microbes in the rhizosphere 
plays significant roles in enhancing the efficacy of phytoremediation [49–54]. Root 
exudates can stimulate the growth of PGPR, which in turn can alleviate plant stress 
by lowering stress ethylene, facilitating the nutrient uptake and/or by degrading/
sequestering soil contaminants [55].
These microorganisms are nourished and carried through the soil by plant roots 
[50]. The soil with large volumes of roots results the microbial population can reach 
to the concentrations upto ~1012 microbes per gram of soil [56].
This leads to increase the microbial population to ~500 kg ha−1 [57] in the 
rhizosphere zone. With the PGPR association, plant root growth enhanced and 
potentially used volume of soil and accelerating salt remediation.
According to Glick [58, 59], among many PGPR properties, the ACC (1-ami-
nocyclopropane-1-carboxylic acid) deaminase activity is the key characteristic 
because PGPR use the ACC as an N source. Ethylene synthesis significantly reduced 
by using ACC, the precursor in plants to ethylene. [58, 60, 61] showed that by 
inhibiting ethylene synthesis, tolerance to stress has been observed. Some PGPR 
also observed to produce auxin to facilitate root growth.
Many strains of genus Pseudomonas observed as potential PGPR due to poses 
PGPR properties like 1-aminocyclopropane-1-carboxylate (ACC) deaminase 
activity, indole acetic acid (IAA) and siderophore, P, Zn, K solubilization, etc. 
Due to ACC deaminase activity, ethylene level could not harm root growth and 
development. Pseudomonas spp. provides better root elongation, seedling survival, 
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biocontrol properties, etc. The detrimental effects of PHCs are significantly 
reduced by the synergistic action of plant microbes’ association.
8.2 Evaluating phytoremediation as a potential remediation technology
According to DOE [62], previous remediation processes posed with risk in 
human health or ecological imbalance, while remedial process like phytoremediation 
must offer advantages of reduction of health risk or cost-effectiveness over excava-
tion and landfilling of polluted material as compared to the traditional approach.
8.3 Benefits of phytoremediation
Various benefits of phytoremediation have been explained or established:
• Phytoremediation can be more eco-friendly than other technologies.
• Phytoremediation may be suitable for cost savings more than 50% over  
traditional technologies [63].
• Phytoremediation offers the restoration of ecosystems, habitat to animals, 
biodiversity conservation, and reduces anthropogenic activities [62–64].
• Phytoremediation provides better environment for sustainable life [64].
• Erosion caused by wind or water may be significantly reduced by vegetation [64].
• Trees plantation decreases energy consumption and provides shade to  
buildings [65].
• Sequesters carbon and facilitates as carbon sink.
9. Conclusion and recommendations
Due to their hydrophobic nature, PHCs are pollutants with higher priority as 
they are difficult for degradation. Retention of these pollutants poses threat to 
biodiversity and environmental health. The reclamation of environment from 
PHCs’ contamination is a global problem. Bio-phytoremediation proved to be an 
economic and alternative approach as compared to the physico-chemical process. 
Many factors that influence the remediation process, which include nutrition, 
physical conditions, microbial diversity, contaminant bioavailability, etc., can play 
an important role in the bio-phytoremediation of PHCs. Due to plant and microbe 
synergy, both possess enzymes, root exudates, etc. for better interaction of plant 
microbes with the contaminant. Therefore, phytoremediation with the involvement 
of microorganisms can be considered a key process of PHCs’ remediation. The 
increase in our understanding of the bio-phytoremediation and the mechanisms 
by which petroleum hydrocarbons biodegradation occur will prove helpful for 
predicting the environmental fate of these compounds and for developing practical 
PHCs’ bioremediation strategies in the future. It is crucial to continue in developing 
a technology which is cost-effective, feasible, and can remediate PHCs and other 
environment contaminants. Further study could be conducted for scaling up this 
technology or approach.
Soil Contamination - Threats and Sustainable Solutions
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